INTRODUCTION {#s1}
============

Telomeres cap the ends of chromosomes and are critical for maintaining genomic integrity. Many studies have shown that telomere shortening or dysfunction is often acquired during the process of tumorigenesis \[[@R1]\]. Telomerase is the natural enzyme complex that elongates telomeres, doing so through the addition of telomere repeats at chromosomal ends. It plays a crucial role in maintaining telomere length, which has been implicated in human cancer tumorigenesis through the maintenance of genomic stability and avoidance of senescence \[[@R2], [@R3]\].

Telomerase activity is responsible for the hallmark phenotype of human tumors---immortalization \[[@R4]\]. It has been detected in approximately 80% of human tumors and identified as a key step in human cellular tumorigenesis \[[@R5]\]. The interplay between telomerase and the telomere is regulated by the shelterin complex, which binds to and protects telomeres at chromosomal ends \[[@R6]\]. The shelterin complex is composed of six telomere-specific proteins, including: Telomere Repeat Factor 1 (TRF1), Telomere Repeat Factor 2 (TRF2), TRF-1 and TRF-2 Interacting Nuclear Factor 2 (TIN2), Transcriptional Repressor/Activator Protein 1 (RAP1), POT1-Organizing Protein (TPP1), and protection of telomere 1 (POT1) \[[@R7]\]. Communication with the shelterin complex is an essential step for telomerase to carry out its functions in telomere maintenance.

PIN2/TRF1-interacting telomerase inhibitor 1 (PinX1) was first identified as a Pin2/TRF1 binding protein \[[@R8]\]. This conserved nuclear protein is a potent telomerase inhibitor and a putative tumor suppressor. Its telomerase inhibitory domain (TID) is located at the region of 254aa-328aa. Functionally, it binds to the telomerase catalytic subunit hTERT and potently inhibits its activity \[[@R9]\]. Many studies have shown that PinX1 can regulate telomere maintenance in cancer cells, ultimately inhibiting telomere elongation \[[@R10]\]. Additional work has shown that depletion of endogenous PinX1 or its TID domain elongates telomeres, induces immortalization, and increases tumorigenicity \[[@R11]\]. Furthermore, PinX1 knockdown leads to chromosomal instability, as its loss can cause delayed mitotic entry during mitosis, thereby abrogating faithful chromosome segregation \[[@R12]\].

However, the molecular mechanism(s) behind PinX1 remain unclear. Recently, our group discovered that that not only does PinX1 contribute to telomere maintenance, but it also affects cancer cell sensitivity to DNA damage caused by chemo-radiotherapy or chemotherapeutics \[[@R13]\]. In addition, the pattern of *PinX1* genetic expression is vastly different in various tissues and tumor types. For instance, Cai et al. demonstrated that loss of PinX1 was correlated to patients with poorer prognoses, suggesting that insufficient PinX1 may be a tumorigenic factor \[[@R14]\]. Other studies have demonstrated that PinX1 expression was upregulated in esophageal squamous cell carcinoma (ESCC) as well as cervical squamous cell carcinomas (CSCC) tissue, suggesting that abnormal PinX1 gene regulation and/or protein functions in tumorigenesis are complicated and are likely be tumor-type-specific \[[@R15]\]. Given this, we sought to investigate the biological and clinicopathological significance of PinX1 in various malignancies using the cBioportal database. This was done to better understand the potential role played by PinX1 in tumor development.

RESULTS {#s2}
=======

*PinX1* gene alteration in 105 studies using the online resource cBioportal web {#s2_1}
-------------------------------------------------------------------------------

PinX1 gene alterations were detected in 105 separate studies using the online resource cBioportal Web. As shown in Figure [1](#F1){ref-type="fig"}, four alterations (Mutation, Deletion, Amplification, and Multiple Alterations) were detected and visualized in 53 studies. *PinX1* deletion accounted for the most alterations, with the highest ratio of 12.5% (Uterine Carcinosarcoma, TCGA, Provisional). Furthermore, the frequency of *PinX1* deletion often occurred in the two specific pathological types of carcinosarcoma and adenocarcinoma. This accounted for almost all pathology types with an alteration frequency of more than 6%. In addition, the frequency of *PinX1* gene deletion in adenocarcinoma was more than squamous carcinoma in some solid tumors, such as 6.1% (TCGA, Nature), 5.5% (Broad, Cell), and 5.7% (TCGA, Provisional) in lung adenocarcinoma versus 1.7% (TCGA, Provisional) in lung squamous cell carcinoma.

![*PinX1* gene alteration in 105 studies selected from cBioportal\
Four alterations (Mutation, Deletion, Amplification, and Multiple alterations) were detected and visualized in 53 separate studies.](oncotarget-08-67241-g001){#F1}

*PinX1* genetic mutation levels in 105 studies using cBioportal web {#s2_2}
-------------------------------------------------------------------

When compared with the high frequency of *PinX1* genetic deletions, there were few, frequent *PinX1* gene mutations the in 105 studies examined using cBioportal Web. As shown in [Supplementary Data 1](#SD2){ref-type="supplementary-material"} and Figure [2A](#F2){ref-type="fig"}, a total of 33 mutation sites were detected and located between amino acids 150 and 328. Of these, only three sites (S161N/R, A175T, R209C/H) had reached mutation level 2 (the number of patients with the same mutation site). When combined with previous studies, 3D structural analysis showed that these mutation sites were always located in the PinX1 functional domain (nucleolar localization domain and telomerase inhibitor domain) (Figure [2B](#F2){ref-type="fig"} and [2C](#F2){ref-type="fig"}).

![*PinX1* gene mutation level in 105 studies selected from cBioportal Web\
**(A)** Totally 33 mutations sites were detected and located between 150aa and 328aa. Only three sites (S161N/R, A175T, R209C/H) had reached mutation level 2 (the number of patients with the same mutation site). **(B** and **C)** Structural diagram and 3D structural analysis showed that these mutation sites were always located in the PinX1 function domain (nucleolar localization and telomerase inhibitor domains).](oncotarget-08-67241-g002){#F2}

*PinX1* genetic profile in six selected studies using cBioportal web {#s2_3}
--------------------------------------------------------------------

The prostate adenocarcinoma (TCGA, Provisional) (Figure [3A](#F3){ref-type="fig"}), lung adenocarcinoma (TCGA, Provisional) (Figure [3B](#F3){ref-type="fig"}), head and neck squamous cell carcinoma (TCGA, Provisional) (Figure [3C](#F3){ref-type="fig"}), lung squamous cell carcinoma (TCGA, Provisional) (Figure [3D](#F3){ref-type="fig"}), kidney renal clear cell carcinoma (TCGA, Provisional) (Figure [3E](#F3){ref-type="fig"}), and cervical squamous cell carcinoma and endocervical adenocarcinoma (TCGA, Provisional) (Figure [3F](#F3){ref-type="fig"}) databases were selected to observe the relationship between *PinX1* gene copy number and mRNA levels. As shown in Figure [3A-3F](#F3){ref-type="fig"}, five types of copy numbers (deep deletion, shallow deletion, diploid, gain, amplification) were detected in six selected studies. More frequent *PinX1* homozygous depletion and *PinX1* heterozygous deficiency along with infrequent *PinX1* gain and rare PinX1 amplification ware obtained from these six databases. These results demonstrate that the frequency of *PinX1* homozygous depletion was often the main reason for the frequency of *PinX1* gene deletion in a wide variety of tumor tissues.

![*PinX1* genetic profile in six types of cancer selected using cBioportal\
Relative expression levels as a function of relative *PinX1* gene copy number were plotted against six types of cancer. **(A)** prostate adenocarcinoma (TCGA, provisional); **(B)** lung adenocarcinoma (TCGA, provisional); **(C)** head and neck squamous cell carcinoma (TCGA, provisional); **(D)** lung squamous cell carcinoma (TCGA, provisional); **(E)** kidney renal clear cell carcinoma (TCGA, provisional); **(F)** cervical squamous cell carcinoma and endocervical adenocarcinoma (TCGA, provisional). Shallow deletion --- heterozygously deleted; Diploid --- two alleles present; Gain --- low-level gene amplification event; Amplification --- high-level gene amplification event.](oncotarget-08-67241-g003){#F3}

*PinX1* gene alteration associated with overall survival and disease-free survival in eight selected studies using cBioportal web {#s2_4}
---------------------------------------------------------------------------------------------------------------------------------

The prostate adenocarcinoma (TCGA, Provisional), colorectal adenocarcinoma (TCGA, Provisional), head and neck squamous cell carcinoma (TCGA, Provisional), kidney renal clear cell carcinoma (TCGA, Provisional), lung adenocarcinoma (TCGA, Provisional), lung squamous cell carcinoma (TCGA, Provisional), bladder urothelial carcinoma (TCGA, Provisional) and ovarian serous cystadenocarcinoma (TCGA, Provisional) were randomly selected to observe the relationship between *PinX1* gene alteration and patient's survival. As shown in Figure [4](#F4){ref-type="fig"}, there were no significant correlations between *PinX1* gene alteration and overall survival and/or disease-free survival in prostate adenocarcinoma (TCGA, Provisional) (*P*\>0.05, Figure [4A](#F4){ref-type="fig"}), colorectal adenocarcinoma (TCGA, Provisional) (*P*\>0.05, Figure [4B](#F4){ref-type="fig"}), head and neck squamous cell carcinoma (TCGA, Provisional) (*P*\>0.05, Figure [4C](#F4){ref-type="fig"}), kidney renal clear cell carcinoma (TCGA, Provisional) (*P*\>0.05, Figure [4D](#F4){ref-type="fig"}), and lung squamous cell carcinoma (TCGA, Provisional) (*P*\>0.05, Figure [4F](#F4){ref-type="fig"}). There was also no significant correlation between *PinX1* gene alteration and overall survival in bladder urothelial carcinoma (TCGA, Provisional) (*P*\>0.05, Figure [4G](#F4){ref-type="fig"}) and disease-free survival in ovarian serous cystadenocarcinoma (TCGA, Provisional) (*P*\>0.05, Figure [4H](#F4){ref-type="fig"}). However, *PinX1* gene alteration was significantly correlated with poor overall survival and/or disease-free survival in lung adenocarcinoma (TCGA, Provisional) (*P*\<0.05, Figure [4E](#F4){ref-type="fig"}), poor overall survival in bladder urothelial carcinoma (TCGA, Provisional) (*P*\<0.05, Figure [4G](#F4){ref-type="fig"}), and poor disease-free survival ovarian serous cystadenocarcinoma (TCGA, Provisional) (*P*\<0.05, Figure [4H](#F4){ref-type="fig"}). These results demonstrate that the relationship between *PinX1* status and prognosis may be tumor-type specific. Moreover, its biological function in tumorigenesis as well as prognosis is complicated and mainly co-regulated with other factors.

![*PinX1* gene alteration associated with overall survival and disease-free survival in eight selective studies using cBioportal\
*PinX1* gene alterations associated with overall and disease-free survival rates in eight selected studies using cBioportal. **(A)** prostate adenocarcinoma (TCGA, provisional); **(B)** colorectal adenocarcinoma (TCGA, provisional); **(C)** head and neck squamous cell carcinoma (TCGA, provisional); **(D)** kidney renal clear cell carcinoma (TCGA, provisional); **(E)** lung adenocarcinoma (TCGA, provisional); **(F)** lung squamous cell carcinoma (TCGA, provisional); **(G)** bladder urothelial carcinoma (TCGA, provisional); **(H)** ovarian serous cystadenocarcinoma (TCGA, provisional).](oncotarget-08-67241-g004){#F4}

*PinX1* gene correlations in seven selected studies using cBioportal web {#s2_5}
------------------------------------------------------------------------

Prostate adenocarcinoma (TCGA, Provisional), bladder urothelial carcinoma (TCGA, Provisional), lung adenocarcinoma (TCGA, Provisional), colorectal adenocarcinoma (TCGA, Provisional), hepatocellular carcinoma (TCGA, Provisional), head and neck squamous cell carcinoma (TCGA, Provisional), and lung squamous cell carcinoma (TCGA, Provisional) were selected to examine other gene correlations with *PinX1*. As shown in Table [1](#T1){ref-type="table"}, ten of the most closely related (positively or negatively correlated) genes with *PinX1* are listed in their corresponding seven, selected studies. Our results showed that NEIL2, R3HCC1, POLR3D, GTF2E2, and INTS10 were the most common, positively correlated genes were *PinX1* within these studies. However, there were no common genes that were negatively correlated with *PinX1*.

###### Ten of the most closely related (positively or negatively correlated) genes with *PinX1* are explored in cBioportal database

                                                              Positive correlation with *PinX1* gene                                                    Common Positive correlation with *PinX1* gene   Negative correlation with *PinX1* gene                                                    Common Negative correlation with *PinX1* gene
  ----------------------------------------------------------- ----------------------------------------------------------------------------------------- ----------------------------------------------- ----------------------------------------------------------------------------------------- -----------------------------------------------
  Prostate Adenocarcinoma (TCGA, Provisional)                 NEIL2, R3HCC1, MSRA, POLR3D, BIN3, UXT, RASSF1, C14ORF80,CD2BP2, SNF8, et al.             NEIL2, R3HCC1, POLR3D,GTF2E2, INTS10.           KAT6B, PDPK1, RBL2, TMEM184C, CHD6, CTNND1, MAPK8, RREB1, NR2C2, TGFBRAP1, et al.         None
  Bladder Urothelial Carcinoma (TCGA, Provisional)            POLR3D, RAN, RPL26L1, NOP56, NTMT1, LYAR, NDUFAF2, GTF2E2, PTTG1, NPM3, et al.                                                            KIAA1107, PIK3C2B, PLEKHA6, SCP2, ZNF611, CGN, ZNF91, ZNF254, ZNF816, ZNF217, et al.      
  Lung Adenocarcinoma (TCGA, Provisional)                     MCPH1, AGPAT5, NEIL2, INTS10, CNOT7, PSMA3, TTI2, R3HCC1, TIMM9, SEC61B, MAK16, et al.                                                    ATXN1, AAK1.                                                                              
  Colorectal Adenocarcinoma (TCGA, Provisional)               INTS10, GTF2E2, AGPAT5, CNOT7, INTS9, PBK, CCDC25, MCPH1, R3HCC1, BIN3, et al.                                                            HECA, NR1D2, CTDSP2, PHC3, KLHL24, HDAC5, KBTBD2, CDK13, DVL3, RNF38, et al.              
  Liver Hepatocellular Carcinoma (TCGA, Provisional)          NEIL2, R3HCC1, ERICH1, GTF2E2, LSM1, MSRA, DCTN6, TM2D2, TTI2, PPP2CB, et al.                                                             ZNF609, DIP2B, CHD2, SP1.                                                                 
  Lung Squamous Cell Carcinoma (TCGA, Provisional)            POLR3D, MCPH1, ERI1, CCDC25, ELP3, INTS10, PPP2R2A, AGPAT5, R3HCC1, DCTN6, BIN3, et al.                                                   None                                                                                      
  Head and Neck Squamous Cell Carcinoma (TCGA, Provisional)   BIN3, ERI1, CCDC25, ELP3, CCAR2, SNRPA, PA2G4, AGPAT5, CNOT7, CDCA2, et al.                                                               KIDINS220, JAK1, EFCAB14, IGF2R, MAPK3K2, LEPROT, SERINC1, ACBD3, BMPR2, CTDSP2, et al.   

Integrated networks to evaluate PinX1 gene connectivity using cBioportal for cancer genomics {#s2_6}
--------------------------------------------------------------------------------------------

We next used the cBioportal for Cancer Genomics network to evaluate PinX1 gene connectivity. As shown in [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}, PinX1 interacted with TERT, which is connected to both telomerase activity and telomerase stability as well as DKC1, which is connected to telomerase maintenance, DNA damage response, and cell adhesion. PTGES3 was also connected to PinX1, which is required for proper glucocorticoid and other steroid receptor functioning. Finally, HSP90AA1 was also shown to interact with PinX1, which mainly participates in stabilizing many proteins required for tumor growth.

qRT-PCR analysis of PinX1 mRNA expression in nine human cancer types {#s2_7}
--------------------------------------------------------------------

To verify the PinX1 mRNA expression data found in our analysis of past studies in cBioportal for Cancer Genomic, we selected nine types of primary cancer patients' tissues from our affiliated hospitals. From these selected tissues, we observed PinX1 mRNA expression in 9 out of 12 (75%) prostate adenocarcinoma patient samples (Figure [5A](#F5){ref-type="fig"}), 8 out of 12 (66.7%) colorectal adenocarcinoma samples (Figure [5B](#F5){ref-type="fig"}), 7 out of 12 (58.3%) head and neck squamous cell carcinoma samples (Figure [5C](#F5){ref-type="fig"}), 7 out of 12 (58.3%) kidney renal clear cell carcinoma samples (Figure [5D](#F5){ref-type="fig"}), 11 out of 12 (91.7%) lung adenocarcinoma samples (Figure [5E](#F5){ref-type="fig"}), 8 out of 12 (66.7%) lung squamous cell carcinoma samples (Figure [5F](#F5){ref-type="fig"}), 8 out of 12 (66.7%) bladder urothelial carcinoma samples (Figure [5G](#F5){ref-type="fig"}), 8 out of 12 (66.7%) ovarian serous cystadenocarcinoma samples (Figure [5H](#F5){ref-type="fig"}), and 6 out of 12 (50%) esophagus carcinoma tissues samples (Figure [5I](#F5){ref-type="fig"}). All samples were evaluated by qRT-PCR in comparison to their normal counterparts.

![qRT-PCR used to analyze PinX1 mRNA expression status in nine types of human cancers\
Nine types of human cancer tissues were selected to analyze PinX1 mRNA expression using qRT-PCR. Low PinX1 mRNA expression was observed in 9 out of 12 (75%) prostate adenocarcinoma patient samples **(A)**, 8 out of 12 (66.7%) colorectal adenocarcinoma samples **(B)**, 7 out of 12 (58.3%) head and neck squamous cell carcinoma samples **(C)**, 7 out of 12 (58.3%) kidney renal clear cell carcinoma samples **(D)**, 11 out of 12 (91.7%) lung adenocarcinoma samples **(E)**, 8 out of 12 (66.7%) lung squamous cell carcinoma samples **(F)**, 8 out of 12 (66.7%) bladder urothelial carcinoma samples **(G)**, 8 out of 12 (66.7%) ovarian serous cystadenocarcinoma samples **(H)**, 6 out of 12 (50%) esophagus carcinoma tissues samples **(I)**. All cancerous tissue was compared to normal tissue samples.](oncotarget-08-67241-g005){#F5}

PinX1 suppresses cell proliferation in 12 types of cancer cell lines *in vitro* {#s2_8}
-------------------------------------------------------------------------------

We then continued our study *in vitro* to investigate whether knock-down of PinX1 expression promotes cell proliferation in cancer cell lines. In our MTT analysis, prostate cancer cells (PC3 and LNCap cell lines) (Figure [6A](#F6){ref-type="fig"}), lung cancer cells (H1299 and A549 cell lines) (Figure [6B](#F6){ref-type="fig"}), colorectal cancer cells (LOVO and SW480 cell lines) (Figure [6C](#F6){ref-type="fig"}), bladder cancer cells (EJ and T24 cell lines) (Figure [6D](#F6){ref-type="fig"}), and ovarian cancer cells (Hey cell line) (Figure [6F](#F6){ref-type="fig"}) were all separately transfected with PinX1 siRNA. After 24 h, all cell lines displayed a significant increase in cell proliferation when compared with control cells (*P*\<0.05). However, cell proliferation in both kidney (HK-2 cell line) (Figure [6E](#F6){ref-type="fig"}) and ovarian (SKOV3 cell line) (Figure [6F](#F6){ref-type="fig"}) cancer cells transfected with PinX1 siRNA had significantly increased proliferation until 36 h after transfection (*P*\<0.05). There were no obvious differences in cell proliferation between kidney cancer cells (A498 cell line) (Figure [6E](#F6){ref-type="fig"}) and their corresponding controls (*P*\>0.05).

![*PinX1* suppresses cell proliferation of 12 types of cancer cell lines *in vitro*\
MTT analysis was used to detect cell proliferation in 12 types of cancer transfected with PinX1 siRNA. **(A)** prostate cancer cells (PC3 and LNCap cell lines); **(B)** lung cancer cells (H1299 and A549 cell lines); **(C)** colorectal cancer cells (LOVO and SW480 cell lines); **(D)** bladder cancer cell (EJ and T24 cell lines); **(E)** kidney cancer cell (HK-2 and A498 cell lines); **(F)** ovarian cancer cell (Hey and SKOV3 cell lines). \*, *P*\<0.05.](oncotarget-08-67241-g006){#F6}

DISCUSSION {#s3}
==========

Previous work has shown that the telomerase-inhibitory domain of PinX1-C (amino acids 254-328) can block telomerase activity, shorten telomeres, induce cellular dysfunction, and suppress tumor growth \[[@R16]\]. However, PinX1 protein expression differs greatly depending on the type of tumor tissue. For example, one study demonstrated that high expression of PinX1 in esophageal squamous cell carcinoma is associated with a patient's chemoradiotherapy resistance and can predict his/her survival \[[@R15]\]. However, another study showed that PinX1 expression in bladder urothelial carcinoma was significantly down-regulated at both the mRNA and protein levels when compared with normal tissue \[[@R17]\]. Given these apparently conflicting findings, it is fair to say the function of PinX1 is complicated. It has been previously reported as a potent telomerase inhibitor. However, recent reports suggest that PinX1 can also function in chemotherapy and radiotherapy resistance, act as a co-regulator of nuclear hormone receptors, participate in cell cycle regulation, and engage in chromosome segregation \[[@R18]\].

The cBioportal for Cancer Genomics is an open-access resource for interactive exploration of multidimensional cancer genomics data sets. It currently provides access to data from more than 5,000 tumor samples from 20 cancer studies. Importantly, the cBio Cancer Genomics Portal allows cancer researchers the ability to use complex genomic data, thereby ensuring rapid, intuitive, and high-quality access to molecular profiles and clinical attributes from large-scale cancer genomics projects. Ultimately, this empowers researchers to translate rich data sets into biological insights and clinical applications \[[@R19], [@R20]\].

In this study, we explored PinX1 gene alterations in 105 studies using the online resource cBioportal Web. Our results indicated that PinX1 deletion is a common genotype in human cancer patients, leading us to believe that insufficient PinX1 may be involved in the progression of a variety of human cancers. In addition, we also observed that the genotype of PinX1 gene deletion often occurred in both carcinosarcoma and adenocarcinoma. These results implied that the abnormalities and/or functions of PinX1 in tumorigenesis and its progression may be pathologically specific. With the exception of the high frequency of *PinX1* gene deletion, we also found that *PinX1* genetic mutations occurred in some types of human cancers, including bladder urothelial carcinoma, lung adenocarcinoma, and melanoma. However, the number of cases having a PinX1 gene mutation was very few. It is worth noting that these mutation sites were mostly concentrated within the amino acids 150 and 328. This region mainly contains both the nucleolar localization and telomerase inhibitor domains, which are associated with TERT. More importantly, these regions can specifically bind Pin2/TRF1 (PinX1) \[[@R21]\]. Additional work performing 3D structural analysis showed that that these mutation sites may influence this structural domain, which is specifically recognized by the TRFH domain of TRF1 via both hydrophobic and hydrophilic interactions \[[@R22]\]. Thus, such mutations could break the PinX1-TRF1-TERT complex, thereby promoting telomere elongation in cells. These results imply that PinX1 function in tumorigenesis and tumor progression might be all or partly related to loss of telomerase inhibition. This would ultimately promote telomere elongation. However, it is still not clearly defined that PinX1 tumorigenicity occurs via telomere-dependent and/or telomere-independent telomerase. It is possible that other mechanisms are involved that are unrelated to the actions of telomerase.

Since the deletion of *PinX1* accounts for the most observed alterations, we next randomly selected six studies to better understand the relationship between *PinX1* gene copy number and mRNA levels. Among the five types of copy numbers we examined (deep deletion, shallow deletion, diploid, gain and amplification), we found that the frequency of *PinX1* homozygous depletion as well as *PinX1* heterozygous deficiency were the main reasons for the frequency of *PinX1* deletion in a wide variety of tumor tissues. These results showed that *PinX1* has a frequent loss of heterozygosity (LOH) at 8p23 in human malignancies \[[@R16], [@R22]\]. The remaining copy number contains insufficient PinX1 for full inhibition of telomerase activity, which could immortalize the tumor and result in telomere lengthening. According to our mutation data, *PinX1* mutations in gastric, colorectal, prostate, breast, and lung carcinomas may not actually contribute to development of these carcinomas due to their low incidence of mutational events seen in the database. When taken together, these results suggest that somatic mutation is not the mechanism for PinX1 inactivation \[[@R23]\]. Rather, loss of hetereozygosity seems to play a major role in the inactivation of PinX1 in human cancers.

Since PinX1 is a putative tumor suppressor, we next sought to determine whether it could serve as an indicator for patient survival. Thus, we used a Kaplan-Meier analysis to determine the relationship between PinX1 gene alterations and patient survival. Our results demonstrated that PinX1 gene alterations were correlated with poor survival in patients with lung adenocarcinoma (overall survival and disease-free survival) and as well as those diagnosed with bladder urothelial carcinoma (disease-free survival only). However, there were no significant correlations between *PinX1* alterations and overall survival and/or disease-free survival in the other seven types of tested human cancers. These results showed that the status of *PinX1* gene alteration was correlated with prognosis; importantly, that this correlation may be tumor-type specific. Furthermore, this indicates that its biological function in tumorigenesis and prognosis is complicated and mainly co-regulated with other factors.

Given this likely co-regulatory influence, we then examined the relationship between other genes and *PinX1*. Using the cBioportal database, we found that NEIL2, R3HCC1, POLR3D, GTF2E2, and INTS10 were the most common genes that had positive correlations with *PinX1* between the seven selective studies. NEIL2 initiates the first step in base excision repair by cleaving bases damaged by reactive oxygen species. It does so by introducing a DNA strand break via an associated lyase reaction \[[@R24]\]. POLR3D leads to a block in progression through the G1 phase of the cell cycle \[[@R25]\]. GTF2E2 is also named general transcription factor IIE (TFIIE), which is part of the RNA polymerase II transcription initiation complex. It recruits TFIIH and is essential for promoter clearance by RNA polymerase II \[[@R26]\]. INTS10 is a subunit of the Integrator complex, which associates with the C-terminal domain of RNA polymerase II large subunit and mediates 3-prime end processing of small nuclear RNAs U1 and U2 \[[@R27]\]. In addition, we also explored the PinX1 integrated network using the cBioportal. We found that PinX1 interacts with TERT, DCK1, PTGES3, and HSP90AA1, which are mainly connected with telomerase maintenance, DNA damage, and steroid receptors \[[@R28]--[@R31]\]. However, we have only determined their place in a wider network; their precise mechanism of action will need further research.

Finally, we selected nine types of cancer samples from our affiliated hospitals to verify their respective PinX1 mRNA expression status. When compared with normal tissue, PinX1 mRNA expression was significantly decreased in most of the selected cancer tissues. It has been reported that PinX1 suppress tumor growth and depletion of endogenous PinX1 can enhance tumorigenicity \[[@R32], [@R33]\]. We also observed that knockdown of PinX1 could also enhance cell proliferation in nine types of cancer cell lines *in vitro*.

Although our data provide additional information regarding PinX1, its exact mechanism and function in human cancer cells has yet to be fully elucidated. PinX1 was originally identified as a telomerase inhibitor and is involved in maintaining telomerase activity, telomere length, and chromosomal stability. However, PinX1 has also been shown to interact during mitosis with the outer plate of kinetochores and the periphery of chromosomes \[[@R34], [@R35]\]. Thus, loss of PinX1 abrogates faithful chromosome segregation, suggesting a novel function outside of its established roles \[[@R12]\]. Furthermore, the regulation of telomerase activity by PinX1 is also involved in the Mad/c-Myc and NF-κB pathways along with the cell-cycle \[[@R36]--[@R38]\]. Given this, further work will be needed to clarify the mechanisms of PinX1 in regulation of tumorigenesis and the progression of different types of human carcinomas.

MATERIALS AND METHODS {#s4}
=====================

Analysis of cancer genomics using the open-access bio-database cBioportal {#s4_1}
-------------------------------------------------------------------------

The cBioPortal for Cancer Genomics provided visualization, analysis, and the ability to download large-scale cancer genomics data sets (<http://cbioportal.org>). This portal collects records that were derived from 150 individual cancer studies, in which 31 types of cancer were analyzed. Collectively, the data sets include over 21,000 samples \[[@R39]\]. The term "PinX1" was searched in the cBioportal for Cancer Genomics database and a cross-cancer summary was obtained for it. Analysis of PinX1 gene alterations, mutation levels, genetic profiles, 3D structural analyses, clinical impacts, gene co-expression, and integrated networks from this database was then performed *in silico*.

Patients and tissue specimens {#s4_2}
-----------------------------

Nine types of cancer tissue (Prostate Adenocarcinoma, Colorectal Adenocarcinoma, Head and Neck Squamous Cell Carcinoma, Kidney Renal Clear Cell Carcinoma, Lung Adenocarcinoma, Lung Squamous Cell Carcinoma, Bladder Urothelial Carcinoma, Ovarian Serous Cystadenocarcinoma, Esophagus Carcinoma) from 108 patients were provided by the Department of Pathology, Cancer Center, Sun Yat-Sen University between January 2015 and January 2016. All cancer specimens were independently reviewed and evaluated for histological type by LM and JXH. All tissue specimens were harvested in a similar manner: Specimens were surgically extracted, immediately frozen with liquid nitrogen, and stored at −80°C until later analysis. All patients provided written, informed consent and all aspects of the study were approved by the Medical Ethics Committee of the Department of Pathology.

Quantitative real-time polymerase chain reaction (qRT-PCR) analysis {#s4_3}
-------------------------------------------------------------------

The construction of PinX1 and GAPDH sense/antisense primers has been previously described. Briefly, RNA was reverse-transcribed using SuperScript First Strand cDNA System (Invitrogen, USA) according to the manufacturer's instructions. qRT-PCR was performed using Real-time PCR system (Applied Biosystems, USA) according to the following thermocycling protocol: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C for 60 s. The relative levels of gene expression were represented as ΔCt = Ct~gene~- Ct~reference~ and the fold change for gene expression was calculated using the 2--ΔΔCt Method.

Cell lines and PinX1 siRNA sequence {#s4_4}
-----------------------------------

PC3, LNCap, H1299, A549, LOVO, SW480, EJ, T24, HK-2, A498, Hey, and SKOV3 cells were maintained in DMEM and/or RPMI 1640 supplemented with 10% fetal bovine serum and 1% penicillin--streptomycin at 37°C in 5% CO~2~. The PinX1 siRNA transient transfection (GGAGCTACCATCAATAATG) was used to transiently decrease PinX1 expression.

MTT proliferation assay {#s4_5}
-----------------------

Cellular viability was measured using the MTT proliferation assay according to the manufacturer's instructions. Briefly, 1000 cells were seeded in 96-well plates and cultured/treated for 24 h. Viability was measured at different time points post-treatment, ranging from 12 h to 48 h and based on the experimental requirements.

Statistical analysis {#s4_6}
--------------------

Survival curves were plotted using a Kaplan-Meier analysis and compared using the log-rank test. The correlation between expression of PinX1 and co-expression of other gene was performed using both Pearson's and Spearman's correlations. Data derived from cell line experiments are presented as mean ± SE and were assessed using a Student's t test. A *P* value of \< 0.05 was considered to be statistically significant.

SUPPLEMENTARY MATERIALS FIGURE AND TABLE {#s5}
========================================
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